Introduction
Vehicles often collide with bridges. However, there are no available guidelines for bridge inspectors to assess damage and make repair decisions. This project addresses this gap by investigating the behavior of steel girder bridges subjected to vehicular collision through (1) performing non-destructive field testing, (2) developing validated numerical models, and (3) performing parametric investigations to extend research findings. Field testing was performed using digital image correlation (DIC)-a portable, non-destructive photographic measurement technique. The focus was on two-and three-span continuous multi-girder steel bridges in which an exterior girder had sustained Category T damage (i.e., torsion about the longitudinal direction). This project can benefit the Indiana Department of Transportation (INDOT) by potentially reducing the number of repairs, leading to cost savings and longer lifespans for bridges.
Findings
N DIC is a powerful monitoring technique that can provide full-field measurements to understand system behavior and capture strain gradients.
N Pressure-activated adhesive tape (with a 10-year or more durability) has been qualified as a DIC pattern strategy to monitor strains in coated steel bridges. This approach can be implemented more rapidly than conventional approaches to reduce the required time for lane closures, leading to cost savings and safety benefits. This has enabled the successful use of DIC in field monitoring for this project.
N DIC, combined with finite element numerical modeling, can provide a better understanding of bridge behavior.
N The measured strains in all girders, subjected to quasi-static dump truck loads, are small (less than 0.022%), demonstrating conservatism in design.
N Loads are generally redistributed away from damaged girders to adjacent girders and rail. This is an area for future research.
N Vehicular collision may damage the shear connectivity between the deck and the damaged girder in composite bridges.
N Cracked or damaged railings may cause positive moment (i.e., tension in the bottom flange) redistribution, resulting in higher strains in damaged girders.
N Damage at the center of a span with a large web rotation angle results in the greatest loss of stiffness compared to other locations and smaller rotation angles.
N Load redistribution in multi-girder bridges and continuity generally reduce safety issues for Category T damage to exterior girders from vehicular collision. However, bridge inspectors must evaluate the potential for this load redistribution when assessing the safety of damaged bridges.
Implementation
This research culminated in Recommendations for Bridge Inspectors for Evaluating Steel Girder Bridges Subjected to Vehicular Damage (see Appendix). This will be made available on the INDOT website and will be considered in the upcoming rewrite of the Indiana Bridge Inspection Manual. Table 3 .3 Measured error 7 Table 4 .1 Parameters to model damaged girders for each bridge 12 Table 4 .2 Truck weights, axle spacing, and wheel spacing for Asset 020-71-04052 14 Table 4 .3 Comparison of measured strain and FE prediction for Asset 020-71-04052 15 Table 4 .4 Truck weights, axle spacing, and wheel spacing for Asset 030-02-04803 17 Table 4 .5 Comparison of measured strain and FE prediction for Asset 030-02-04803 18 Table 4 .6 Truck weights, axle spacing, and wheel spacing for Asset 037-55-05265 20 Table 4 .7 Comparison of measured strain and FE prediction for Asset 037-55-05265 21 Table 4 .8 Truck weights, axle spacing, and wheel spacing for Asset (45)46-53-05993 23 Table 4 .9 Comparison of measured strain and FE prediction for Asset (45)46-53-05993 24 Table 4 .10 Bridge testing summary 25 Table 5 .1 Summary of parameters investigated in girder parametric study 25 LIST OF FIGURES The aim of this project is to understand the impact of vehicular collision on the behavior of steel girder bridges. Research included (1) performing non-destructive fieldtesting, (2) developing validated numerical models, and (3) performing parametric investigations to extend research findings. Field testing was performed using digital image correlation (DIC, Figure 1 .1)-a portable, non-destructive, photographic measurement technique that can measure full-field three-dimensional (3D) strains. The focus was on two-and three-span continuous multi-girder steel bridges for which an exterior girder has sustained Category T damage, i.e., torsion about the longitudinal direction, as shown for example in Figure 1 .2 (FHWA, 2015) . The project culminates in recommendations for bridge inspectors to evaluate damaged bridges for repair. This project can benefit Indiana Department of Transportation (INDOT) business processes by potentially reducing the number or amount of repairs, leading to cost savings and longer lifespans for bridges. While this research focused on bridges in Indiana, the results of this study could influence bridge inspection nationally.
Vehicles often collide with bridges, and the frequency and severity of these collisions is increasing (Langfield, 2013) . For steel girder bridges, damage is categorized as: (1) strong or major axis bending (Category S), (2) weak or minor axis bending (Category W), (3) torsion about the longitudinal axis (Category T), and (4) local damage including flange bulges and web buckles (Category L) (Figure 1.3) . Events typically cause damage that is as a combination of these categories (FHWA, 2015) . Category T and L damage is most frequently observed for composite bridges, while Category W and L is more likely for non-composite bridges (Varma & Kowalkowski, 2004) . After damage, an engineer must determine if repair is necessary, and if so, what type of repair should be performed (FHWA, 2015) . There are currently no available guidelines for bridge inspectors to assess damage and to make repair decisions.
Heat straightening is a common rehabilitation strategy for damaged girders as it is inexpensive, efficient, and enables in-situ repair, which can be performed without shoring (FHWA, 2015; Varma & Sohn, 2013) . However, the Federal Highway Administration (FHWA) limits damaged members from being heat straightened more than two times due to loss in ductility of members subjected to multiple damage/repair cycles (FHWA, 2015; Connor, Urban, & Kaufmann, 2008) . Reducing the frequency of this repair can extend the lifespan of a bridge or reduce the frequency of girder replacement. 
BACKGROUND

Behavior of Bridges Subjected to Vehicular Collison
There is little existing research on the behavior of steel girder bridges that have been subjected to collision damage. The most relevant research is focused on heat straightening severely damaged steel girders as opposed to assessing damaged members.
Heat straightening dates back to early welders (FHWA, 2015) and has been performed on bridges since the mid-20th century (Avent, Robinson, Madan & Shenoy, 1992; Avent, 1989) . However, little research had been performed in this area until the 1970s and 1980s (FHWA, 2015; Lackowski & Varma, 2007) . Avent et al. (1992) performed the first experimental study to investigate the effect of heat straightening on initially damaged specimens, finding that damaged specimens with strains up to 100 times yield strain could be heat straightened. Earlier experimental research focused on the behavior of undamaged steel subjected to heat treatment (Lackowski & Varma, 2007) . The reader is referred to Lackwoski & Varma (2007) for a detailed review of research related to heat straightening. Recent major research activity in this area includes the work of Varma & Kowalkowski (2004) who investigated the effect of damage strain, remaining stress, damage/ repair cycles, and heating temperature on material properties. A recent study into the fatigue and fracture performance of heat-straightened steel bridge girders by Conner et al. (2008) found that the recommended number of damage/repair cycles should be limited to two (as had previously been found by prior research and was recommended in FHWA guidelines). This work also developed guidelines on heat straightening, including recommendations on treatment of an area prior to repair and on the magnitude of the restraining force. As heat straightening in the field does not necessarily follow the guidelines of the FHWA (FHWA, 2015) , Varma & Sohn (2013) have investigated the effect of ''realistic'' heat straightening on beam capacity. While research in heatstraightening repairs of steel girders damaged by collision is mature, there is a major research gap in understanding the behavior of girders damaged by collision.
Digital Image Correlation for Bridge Monitoring
Non-destructive monitoring of bridges is critical to assess the structural condition of existing bridges and to inform the design of new structures. Conventional approaches to monitoring strains and displacements in structures (i.e., using strain gauges and linear displacement transducers) are limited as the sensors are only capable of taking measurements at specific locations in directions selected a priori, must be continuously taking measurements, and require an on-site data acquisition system. Alternatively, DIC-a photographic measurement technique that relies on pattern recognition to calculate displacements and strains (Sutton, Orteu & Schreier, 2009; Schmidt, Tyson, & Galanulis, 2003) can provide full-field measurements to understand system behavior and capture strain gradients (in postprocessing, strain can be calculated in any direction to understand strain gradients or investigate strains in varying directions). This portable technique can take measurements continuously for short-term monitoring and can take discrete measurements at varying times to capture long-term behavior (without requiring on-site hardware in the interim). Because of these advantages, this project uses 3D DIC to non-destructively test steel girder bridges that have been subjected to vehicular impact.
A 3D DIC system (Figure 2 .1) consists of two cameras mounted on a tripod, which measure surface displacements and strains of a sample within the ''fieldof-view'' (FOV). A sample must be prepared with a random pattern (e.g., ellipses or lines to achieve greyscale variation). Stereo pairs of photographs are captured before, during, and after loading. The captured digital images are divided into pixelated regions called facets. Using pattern recognition and photogrammetric triangulation principles, these facets are tracked through a complete image series to yield full-field 3D displacements and strains. For the DIC system used for this research, displacements can be measured with an accuracy of 1/30,000 of the FOV (Schmidt et al., 2003; e.g ., for a 6 ft. wide girder section, the accuracy is up to 0.0024 in.).
While DIC can provide unprecedented near full-field data on bridge behavior, there are many challenges associated with implementing it in the field. Inclement weather, particularly rain, poses a problem for DIC as precipitation in the photographs may interfere with pattern recognition (Bell, Peddle, & Goudreau, 2012) and potentially damage exposed hardware. A minimum amount of light is required (Bell, Gaylord, Goudreau, & White, 2015) and solar glare should be avoided (Bell et al., 2012; Peddle, Goudreau, Carlson, & Santini-Bell, 2011) . The measurement area is limited by the FOV of the cameras (Busca, Cigada, Mazzoleni, & Zappa, 2014) . Controlling the position and angle of the cameras may be challenging in the field due to natural or man-made obstructions, which may adversely impact resolution of data or the FOV (Bell et al., 2015) . Commercially available DIC systems tend to be expensive (Busca et al., 2014) . Measuring small strains can be challenging, as the reported strain accuracy of the system used in this research is less than 0.01% (ARAMIS, 2013).
There have been limited applications of DIC for bridge monitoring. Yoneyama, Kitagawa, Iwata, Tani & Kikuta (2007) used DIC to measure deflections of a steel girder bridge during load tests. They compared DIC measurements with that of displacement transducers, finding good agreement. This research was performed in two dimensions (2D) with single cameras (as opposed to 3D using pairs of cameras). Bell et al. (2012) and Peddle et al. (2011) used 2D DIC to measure the behavior of a continuous steel girder bridge and a concrete culvert retrofitted with fiber reinforced polymer reinforcement. DIC measurements were compared with results from linear variable displacement transducers, finding close agreement. The New Hampshire Department of Transportation funded a recent project titled ''Instrumentation, Digital Image Correlation, and Modeling to Monitor Bridge Behavior and Condition Assessment'' to investigate the behavior of a composite steel girder bridge using 2D DIC (Bell et al., 2015) . Displacements under a load test were measured and used to evaluate the continuous behavior of the bridge. Other applications for field monitoring bridges using DIC include measuring displacements of steel girder bridges under truck loading (Chiang, Shih, Chen, & Yu, 2011) , displacements and vibrations of railroad bridges subjected to train loads (Hoag, Hoult, Take, & Le, 2015; Busca et al., 2014) and tension and dynamic characteristics of hanger cables (Kim & Kim, 2013) . Among other applications, are the local effects of bridge components (i.e., riveted girders, stay cable anchorages, steel plates in a box girder), global effects of a multi-span twin steel box bridge (Winkler, Hendy, & Waterfall, 2015) and field spalling, crack size, and long-term strain of concrete bridge piers (Nonis, Niezrecki, Yu, Ahmed, Su, & Schmidt, 2013) . There is no prior research using DIC to study bridges damaged by vehicular collision.
PRESSURE ACTIVATED ADHESIVE TAPE PATTERN STRATEGY
Introduction
Conventionally, DIC patterns are applied by painting a surface white, then applying the grayscale variation by spray paint splatter, drawing lines by marker, or using a brush/stencil (ARAMIS, 2013) . These approaches are appropriate for a laboratory. However, they are timeintensive which can become prohibitive for bridge monitoring where pattern application may require work at heights, access equipment, and lane closures. Further, they are weather-dependent and prone to deterioration. While some researchers have used spray paint (Baah, 2014) , stencil (Nonis et al., 2013) , and paint rollers (Nonis et al., 2013) , many have noted the difficulty of implementing these conventional approaches in the field (Bell et al., 2012; Busca et al., 2014; Yoneyama et al., 2007) and have developed alternative approaches, such as affixing targets (Hoag et al., 2015; Bell et al., 2015; Bell et al., 2012; Peddle et al., 2011; Chiang et al., 2011; Busca et al., 2014; Nonis et al., 2013) , applying chalk (Peddle et al., 2011) , attaching magnets (Yoneyama et al., 2007) , and relying on natural surface texture (Yoneyama et al., 2007; Hoag et al., 2015) . While these alternative approaches are quick, they can only be used for short-term monitoring and are not capable of measuring full-field strain gradients. An additional challenge in the case of steel bridge structures is that these structures are already treated with a protective multi-layer paint coating. Any DIC pattern must be compatible with the bridge coating system, such that the pattern ''follows'' the strain in the steel beneath the coating.
To address the challenge of applying DIC patterns to steel bridge structures, this research investigated pressure-activated adhesive tape as a patterning approach. With tape, a durable, large pattern can be applied quickly in varying weather conditions and without removing the protective coating system. The DIC pattern can be designed electronically to minimize noise and printed on the tape prior to installation. A vinyl adhesive tape has previously been investigated for small-scale composite samples (El-Hajjar & Petersen, 2011) ; however, there is no existing research demonstrating that tape is a viable patterning approach for steel structures, specifically for coated steel structures.
The qualification of the tape patterning approach is a critical component of this research as the monitored bridges for this project are over active traffic and therefore lane closures are required. Minimizing lane closure time is important as it requires extensive support from INDOT maintenance crews and, more importantly, lane closures pose significant safety hazards to the traveling public (Huebschman, Garcia, Bullock, & Abraham, 2003) .
This research qualified pressure-activated adhesive tape as a strategy to rapidly apply a DIC pattern on bare and coated steel structures. The capability of the tape to follow strains in steel samples was evaluated through tensile tests. Surface strains on bare and coated steel samples-measured via (1) strain gauges, (2) an extensometer, (3) DIC with spray paint pattern, and (4) DIC with tape pattern-were compared. Further tensile tests were used to investigate strains on bare steel samples with a hole, comparing measured results from DIC with spray paint and tape patterns to predictions from finite element (FE) models.
Experimental Program
Testing Protocol
Tensile tests were performed using a universal testing machine (UTM) to measure strains as described in Table 3 .1. Data for elastic tests (Scenarios A-C) are zeroed when both the top and bottom of samples are clamped in the UTM grips to remove strains induced from clamping from the measurements. For plastic tests (Scenario D), data are zeroed when only the top of the sample is gripped.
Material Testing
ASTM material testing (ASTM 2010a,b; 2014a,b) was performed on the (1) 0.125 in. thick bare steel (Scenarios A and D, 3 specimens), (2) 0.125 in. thick coated steel (Scenario B, measurements taken on uncoated side, 1 specimen), and (3) 0.5 in. thick bare steel (Scenario C, 8 specimens from 2 bars, testing performed in Gerbo, Thrall, Smith, & Zoli [2016] ) using 2 in. gauge length coupons at full thickness ( Figure 3 .1, Table 3 .2). An extensometer (2 in. gauge length) measured the longitudinal strain, to calculate the Young's modulus, E and the yield strength, F y . Stress was calculated based on the measured area of the samples and the force measured by the UTM. Strain gauges (EA-06-125BZ-350/E, MicroMeasurements) measured the longitudinal and transverse strain, to calculate Poisson's ratio, n.
The strain gauge and extensometer data that are presented and compared against DIC data are from these material tests. These conventional sensors would block the DIC cameras and could not be performed simultaneously with DIC.
Digital Image Correlation
Surface strains were measured using a 3D DIC system consisting of two cameras (2448 6 2050 pixels, 1.97 in. lenses). The FOV was 8.67 6 7.07 in. Strains were calculated using ARAMIS (ARAMIS, 2013), with a gauge length of 0.0425 in.
Noise in DIC measurements can be attributed to: (1) image quality (affected by lighting, air turbulence, pattern size/shape, camera-related noise, etc.) or (2) correlation processing (e.g., poor calibration, numerical errors) (Baldoni, Lionello, Zama, & Cristofolini, 2016 ). An effective means of reducing random noise, particularly for a uniform strain distribution, is to use averaging. This can include (1) area averaging, in which the strains over an area are averaged within one DIC frame (where a frame refers to a pair of 3D DIC photographs) and/or (2) time averaging, in which strains are averaged over multiple frames taken in quick succession. In this chapter (unless noted otherwise), data has been processed via both area averaging and time averaging. Specifically, ten frames were analyzed for each load level (i.e., the load was held constant while DIC photographs were taken), with frames taken within 15 seconds of one another. The reported strain value is from averaging both over an area (specified later in the paper) and over ten frames. The full-field strain plots do not include time or area averaging. Figure 3 .2 shows the elastic behavior-measured via strain gauge, extensometer, and DIC with spray paint and tape patterns-for the 0.125 in. thick bare steel samples in Scenario A. One spray paint sample was tested. Four tape samples were tested to demonstrate repeatability (only two samples are shown for clarity). The area over which the DIC results are averaged is 5.0 in. in length by 0.5 in. in width and is indicated by the black dashed region in Figure 3 .3. This region excludes (1) noise near pattern edges, which is an artifact of the DIC algorithm, and (2) measurements near the tape edge (0.5 in. as marked by black solid lines in Figure 3 .3b, referred to as the development length, discussed later). Figure 3 .2 clearly demonstrates that DIC measurements are able to closely match data reported via conventional instrumentation. Further statistical comparison is made by calculating the percent error between the DIC measurements and the predicted stresses based on the material testing measurements (Table 3. 3). The predicted stresses are calculated based on the average measured Young's modulus, E in Table 3 .2, the load, and the measured cross-sectional properties. The mean percent errors represent the average over the entire loading sequence, neglecting those measurements with strains less than the accuracy of the DIC system (i.e., 0.01% strain). All DIC measurements demonstrate less than 10% mean error compared to the predicted results. Notably, the tape pattern data closely matches that of the spray paint (Figure 3. 3), and the mean errors are comparable. The DIC measurements for the four tape samples matched closely, demonstrating repeatability. Tape Sample 2 was cycled (i.e., repeatedly loaded and unloaded using the same loading protocol) 19 times. Results from the 1st, 9th, and 19th cycles are shown in Figure 3 .2, demonstrating that the tape's performance does not degrade with cycles. The mean percent error also remains small throughout these cycles (Table 3. 3). Figure 3 .3 further demonstrates that the spray paint and tape pattern results in equivalent DIC data by showing the measured full-field longitudinal strains. This figure also shows the noise related to the edge effect in both the spray paint and tape data. Lower measured strains are observed in the development length region of the tape data (to be discussed later).
Results
Scenario A. Longitudinal Elastic Strains in Bare Steel
Overall, these tensile tests demonstrated that the tape pattern follows the strain in bare steel samples, even for small elastic strains (i.e., expected signal range for bridge monitoring).
Scenario B. Longitudinal Elastic Strains in Coated Steel
Analogous measurements were also compared for 0.125 in. thick coated steel samples (Figures 3.4 and 3.5 ). Two samples were tested: one with spray paint pattern and one with tape. Area averaging in Figure 3 .4 uses the same region as Scenario A. Results demonstrate that DIC measurements with both tape and spray pattern are able to closely match that of the conventional instrumentation. The mean percent errors, compared to the predicted values, are low for both specimens (below 12%, Table 3 .3). Importantly, the results qualify DIC with tape pattern as an approach for monitoring coated steel bridges. Therefore, monitoring can be performed without removing protective coatings.
Development Length
DIC measurements with the tape pattern are reporting lower longitudinal strains within approximately 0.5 in. of a tape edge (in the direction of the load) compared to the spray paint pattern (Figures 3.3 and 3 .5). This can be attributed to the construction of the tape, which is comprised of the following layers: (1) adhesive, (2) white print film, (3) adhesive, and (4) clear film over laminate. As deformations are transferred from the steel to the outer layer, the adhesive deforms more than the film. Therefore, strains measured near the tape edge reflect the behavior of the outer film as opposed to the steel. After a length, the outer film ultimately matches the steel. This length is considered the ''development length'' of the tape.
The tape in Scenarios A and B is 6 in. long. To quantify the development length of the tape, four additional Scenario A tensile tests were performed with varying tape lengths. The measured longitudinal strain along the length of the sample is shown in Figure 3 .6. The predicted theoretical strain (0.111%)-calculated based on the average measured Young's modulus, E, the load, and the average measured cross-sectional properties-is highlighted for reference. For this data, time averaging over 10 frames was used. As this study focuses on strains at particular longitudinal positions along the sample, area averaging is not appropriate. Instead, strains are averaged along the width of the sample for each longitudinal position. The focus is on the middle 0.5 in. width of the sample to eliminate edge effect noise across the width. Edge effects along the length were excluded by removing 0.127 in. of data. This tighter limit is based on a parametric investigation of the edge effect noise and is used for this study. For tape lengths greater than 1.5 in., the measured strain asymptotes toward approximately 0.11% in the middle of the sample at a load of 4 k after the initially lower values in the first 0.5 in. length of tape (measured from the bottom and top of the tape). The 1 in. tape is unable to fully develop.
Based on these results, the development length of this tape is approximately 0.5 in. Data within the development length should be ignored. However, this is not a limitation for bridge monitoring, as the region to be monitored is typically much larger.
Scenario C. Transverse Elastic Strains in Bare Steel
To qualify the tape for elastic strains in compression, transverse strains were also measured in tensile tests (Scenario C). Due to the development length issue, wider samples were used. Three samples were tested, with spray paint on one side and tape on the reverse. Figure 3 .7 shows the transverse behavior measured via strain gauge and DIC with spray paint and 5.5 in. wide tape pattern. Area averaging was performed over a 6.0 in. length and 4.5 in. width. DIC results agree well with the conventional instrumentation. The mean errors with respect to the predicted stresses tend be higher than observed in Scenario A (Table 3. 3). However, the magnitude of this error is similar for both spray paint and tape specimens. This larger error can be attributed to the small magnitude of strain being measured. DIC measurements exhibit variability across the samples, but this can also be attributed to the small values of strain being measured. Higher noise was observed with the spray paint pattern data (see full-field strains in Figure 3 .8). This is due to user difficulty in controlling the size/density of the pattern when applied via spray paint. The tape provides the opportunity for greater pattern control to minimize noise. Overall, these tests demonstrated that the tape is also qualified for compressive strains.
Scenario D. Longitudinal Plastic Strains in Bare Steel
To further qualify the tape, tensile testing was performed on 0.125 in. thick bare steel samples with a machined 0.25 in. diameter hole (Scenario D). Two samples were measured via DIC with spray paint and two samples were measured via DIC with tape pattern. No area or time averaging was implemented.
Measured results were compared with results from a 3D FE model built in ABAQUS/Standard with implicit analysis (ABAQUS, 2014) . C3D8R solid continuum elements with a mesh size of approximately 0.00625 in. were used. Symmetry was employed about the longitudinal axis. Boundary conditions were implemented to approximate the UTM grips. For the top 1 in., translation in all directions is restrained. For the lower 1 in., translation perpendicular to sample's axis is restrained. The load was applied in the longitudinal direction uniformly across the nodes at the bottom of the sample. The model used nonlinear geometry and a nonlinear material model based on the measured material properties (Table 3 .2).
Measured and predicted longitudinal strains were compared at a load for which the peak predicted strain was in the strain-hardening region (Figure 3 .9 and Figure 3 .10). DIC with both spray paint and tape matched the general trend of strains predicted by the FE model. There is DIC data loss around the hole as a result of the different views of the two cameras (i.e., each camera sees a different part of the hole and edge and therefore the software cannot accurately match patterns in this region), which prevents this technique from measuring the peak strains directly at the hole edge. Differences between the FE model predictions and the measured results can be attributed to the assumed isotropic behavior in the FE model, which is based on ASTM coupons tested in the direction of steel rolling. Therefore, any anisotropies in the steel are not included in the FE predictions. The minor differences between the DIC with spray paint and tape results can be attributed to the tape development length. Toward the edges of the hole, the outer film will not fully follow the strains in the steel underneath. This is noticeable in Figure 3 .9 and Figure 3 .10 in the region above the hole where the longitudinal strains measured via DIC with tape pattern are slightly higher than those measured using spray paint. As the tape composite has a much lower stiffness than the steel, it is expected that it would have higher strains in this region prior to achieving the full development length. 
Summary
This chapter has demonstrated that pressure-activated adhesive tape is a viable DIC patterning strategy to monitor coated steel bridges via digital image correlation. A limitation in this approach is that it relies on the coating being intact and bonded to the steel. The coating system should be visually inspected prior to tape installation. If there are signs of coating degradation, the damaged coating should be removed. While this does result in coating removal, the ability to rapidly install the tape provides significant benefit compared to conventional approaches (which would also require coating removal). With this qualification of the tape patterning strategy, this approach was used for all four bridges studied.
FIELD MONITORING AND NUMERICAL MODELING
Field Monitoring Approach
Field monitoring was performed by measuring strains in each bridge under quasi-static truckloads (i.e., two heavily loaded dump trucks). Four bridges with Category T damage were monitored (Figure 1.2) . The research proposal planned to monitor six. However, there were few vehicular collisions during the project and there were challenges in obtaining lane closures to monitor damaged bridges due to high traffic volumes. The plan to monitor four bridges was agreed upon by the Business Owner and Principal Investigator. The focus was on monitoring the behavior of exterior damaged girders, symmetric undamaged girders, and adjacent girders. Surface strains were measured using a 3D DIC system consisting of two cameras (2448 6 2050 pixels, 0.472 in. lenses) mounted on a rigid bar (Figure 2 .1). Strains were calculated using ARAMIS (2017), with a gauge length of 2.97 in. Specifically, twenty frames were taken within 15 seconds of one another for each load case (i.e., the trucks stayed in place when photographs were taken). Time averaging was implemented using the temporal binomial filter in ARAMIS (2017), averaging data over 10 frames for each load case. The spatial median filter in ARAMIS (2017) was used to reduce outlying data points. Area averaging was also performed, including data across the entire pattern but excluding the 0.5 in. development length of the tape along all edges. Full-field strain maps included in this report feature only temporal and spatial filtering.
Numerical Modeling Approach
3D FE numerical models were built in ABAQUS/ Standard (2018) using implicit analysis. S4R shell elements were used for the steel girders and diaphragms, as well as the concrete decks and rails (where appropriate). The cross-section of the rail was modeled using rectangular shell elements (with centers aligned vertically) which were determined by the points where the thickness of the rail changes. A mesh size of 3 in. was chosen based on results from a mesh refinement study. All models in this chapter remain in the linear material range. The assumed properties for steel include a Young's modulus of 29,000 ksi and Poisson's ratio of 0.3. The linear material model for 4 ksi compressive strength concrete assumes a Young's modulus of 3,950 ksi (calculated according to AASHTO [2017] ) and Poisson's ratio of 0.2. Any changes to the steel material properties due to damage from collision were ignored. To approximate composite behavior, the deck was tied to the top flange of the girders (i.e., there was no relative movement between the deck and top flange). To approximate the non-composite behavior, surface-tosurface contact was used between the deck and the top flange of the girders. The coefficient of friction between the concrete deck and steel girders was assumed to be 0.65 (Rabbat & Russell, 1985) . Hard contact in the normal direction was used to prevent penetration. The ends of the diaphragms were tied to the web of the girders. Analyses with geometric nonlinearity were performed under the measured truckloads, approximated as 6-point loads. Self-weight was not included. Pin boundary conditions (i.e., free rotation in the transverse direction, fixed translation) was applied at the intersection of web and bottom flange for each girder line on one side of the bridge. Roller boundary conditions (i.e., free rotation in the transverse direction and free translation in longitudinal direction) was applied at the intersection of web and bottom flange for each girder line on the opposite side of the bridge. For the noncomposite model, the translation of the concrete deck along one edge in the longitudinal and transverse direction was fixed to avoid numerical singularity. All models were simplified by neglecting the transverse slope of the deck and assuming the diaphragms were centered vertically along the girder webs.
The Category T damage was approximated using five parameters: rotation angle (a) between the web and the top flange, length of the damage (l s ), height of the web (d), the location of the start of the damage (D), and the location of the center or peak point of the damage (x) (Figure 4 .1 and Table 4 .1). The damaged shape of the bottom flange was approximated as a 5-degree polynomial, derived using (1) a start point (coordinates: 0,0,0), peak point (coordinates: x, dsina, d(1-cos-a), and end point (coordinates: l s ,0,0), and (2) the 1st order derivative at the start, peak, and end of the damage was required to be 0 to ensure smooth transition between the damaged and undamaged regions (Figure 4.1) . A mesh for each damaged girder was generated in Rhinoceros (Robert McNeel & Associates, 2018; e.g., Figure 4.1c) and then imported into ABAQUS (2018) for numerical analysis. Specifically, nine evenly spaced points on the 5-degree polynomial function were imported in Rhinoceros and 5-degree interpolation was used to connect the points to generate a curve close to the theoretical polynomial function. The top flange was assumed to be not affected by the damage. The web was assumed to be perpendicular to the deformed bottom flange. Any local damage was ignored. (1) severely damaged exterior girder (Location 1) and (2) less damaged symmetric exterior girder (Location 2). Location 1 is the location of the worst damage. Location 2 was selected as a symmetric location on a less damaged girder for comparison. Ideally, a symmetric undamaged girder would have been monitored. However, this was not possible, as some collision damage had occurred at Location 2. The behavior of the webs and bottom flanges were monitored. At Location 1, the bottom of the bottom flange and the North face of the web were monitored. At Location 2, the top of the bottom flange and the South face of the web were monitored.
Asset
Field work by the researchers was carried out over 3 days, facilitated by LaPorte District Maintenance Crews and INDOT Research & Development Staff (Figure 4 .5). Load testing was performed to induce peak positive moment (tension in the bottom flange), peak negative moment (compression in the bottom flange), and peak shear in Location 1 and Location 2, with truck locations indicated in Table 4 .2 (trucks were positioned 1 ft. away from the inner side of the concrete rail).
The FE model of Asset 020-71-04052 was simplified by ignoring the small skew angle. The damage of the North exterior girder was approximated based on field measurements (Table 4 .1). The rotation angle (a) was determined based on a digital protractor measurement. The length of the damage (l s ) is equal to the distance between the 2nd and 5th diaphragms from the East. The location of the peak damage (x) is at the center of the splice plate. The 3rd and 4th diaphragms from the East of the damaged exterior girder are not modeled since they are disconnected from the girder. The length of the damage of the South exterior girder is 18 ft. (6 ft. in Northbound right Lane and 12 ft. in Northbound ramp) and the displacement is 6 in. according to the bridge inspection report from 2007. Table 4 .3 show the DIC measured strains and the FE predictions under peak negative moment. For the damaged exterior girder (Location 1), two types of behavior between the damaged girder and the deck are considered: (1) in the center span and the East side span the girder and deck are composite (tied); (2) in the center span and the East side span the girder and deck are non-composite (untied). For both cases, the rest of the girders and the deck are composite. The latter case is studied to investigate if the damage affected the composite connection. Note that it is not expected that the strains in Location 1 match exactly the strains in Location 2 as the trucks could not be positioned in the same locations, but the values should be comparable. The strain would also be expected to differ as the bottom of the flange was monitored for Location 1, while the top of the flange was monitored for Location 2. All later testing was performed on the bottom of the bottom flanges as the DIC cameras could be operated more easily from the ground. Table 4 .3 show that strain in both girders is very small, demonstrating conservatism in design. The measured strain in the damaged girder (Location 1) is much smaller than the less damaged symmetric girder (Location 2). This suggests that load is being redistributed away from the damaged girders. Railing participation is likely an important consideration in this redistribution, as well as participation of adjacent girders. The FE prediction for the damaged girder using the tied model matches the measured data very well (full-field maps shown in Figure 4 .6). The untied scenario results in smaller strains in the damaged girder. For the undamaged side, the FE prediction is less than the measurement. This is because the exterior girder on the undamaged side is also damaged and deformed inward. Figure 4 .7 shows the FE strain distribution in the monitored region. Compared to the inner side, the monitored region has a lower average strain. This is because the strain distribution is very sensitive to the geometry of the damage. If more information is available on the less damaged side, better agreement could potentially be achieved between FE prediction and measured DIC results.
The measured strains under peak positive moment were very small (less than 0.01%) as the monitored locations were not in a position where high positive moment can be induced. The measured strains in the webs of Location 1 and Location 2 under peak shear were also very small (less than 0.01%). These low values of measured strain again indicate conservatism in design. Due to these low measured values, subsequent testing focused on the bottom of the bottom flanges. damaged exterior girder (Location 3). Location 1 and Location 2 are selected as they were both severely damaged and load distribution between the two girders can be investigated. Location 3 is a symmetric location to Location 1 on a less damaged girder. The bottom of the bottom flanges for all three locations was monitored. Due to a crack in the web of Location 3, the web was also monitored. Field work by the researchers was carried out over 2 days, facilitated by Fort Wayne District Maintenance Crews, Fort Wayne Bridge Inspectors, and INDOT Research & Development Staff (Figure 4.11) . Load testing was performed to induce peak positive moment in the monitored regions, with truck locations indicated in Table 4 .4. Only the peak positive moment loading condition was investigated, as it would not be possible to induce significant negative moment strains in the monitored regions. The truck dimensions and axle loads are provided in Table 4 .4 (trucks were positioned about 2 in. away from the inner side of the concrete anchorage of the metal railing).
The FE model was built using the approach discussed earlier. The metal railing was not modeled. To investigate the effect of the concrete curb, the results from a model with concrete curb (modeled similarly to the concrete rail) is compared to one without. The bridge is non-composite and was modeled as untied along all girder lines. Since some composite behavior was still expected, a composite (tied) model was also investigated. The information on the damage was determined based on the DIC photographs (Figure 4.12) . For the damaged exterior girder, the peak point of the damage is located at the center of the pattern. The damaged shape is assumed to be symmetrical and the peak point of the damage is centered along the pattern. The damage ends at the 1st diaphragm from the North. For the damaged interior girder, the damage is also assumed to be symmetrical and ends at the 1st diaphragm from the North. The peak point of damage is located at the North edge of the pattern. Figure 4 .13 and Table 4 .5 show the measured DIC strains and FE predictions under peak positive moment. Overall, the strains are very small, again demonstrating conservatism in design. Since the measured strains are so small, the later studies focused on locations corresponding to where peak moment can be induced, as opposed to the location of the worst damage.
Like Asset 020-71-04052, the measured strain in the damaged exterior girder (Location 1) is much smaller than the less damaged symmetric girder (Location 3), suggesting load redistribution. Note that it is not expected that the strains in Location 1 and 3 match one another as the trucks could not be positioned in the same relative locations (since they were required to be facing with traffic), but the values should be comparable. This trend of damaged girders carrying less load is the same, despite Asset 030-02-04803 having a metal bridge rail with a small concrete curb (and therefore much less stiff rail) compared to the Asset 020-71-04052. The measured strain in the damaged interior girder (Location 2) is higher than that in the adjacent damaged exterior girder (Location 1). This indicates that the exterior girder is shedding load to the rail. The participation of bridge rail will be an area for future study. Subsequent testing in this project will also focus on the adjacent interior girders to better understand the load redistribution. The untied model results in a higher strain compared to the tied model, as would be expected. By adding the concrete curb, the strain drops significantly, which demonstrates the importance of even small concrete curbs. Overall, the tied FE model with the concrete curb most closely predicted the measured results.
Measured strains in the web of Location 3 under peak positive moment were negligible and no crack opening was observed. (1) an undamaged exterior girder (Locations 1 and 2), (2) an undamaged interior girder adjacent to the undamaged exterior girder (Locations 3 and 4), (3) an undamaged interior girder adjacent to the damaged exterior girder (Locations 5 and 6), and (4) a damaged exterior girder (Locations 7, 8, and 9) . Locations 1, 3, 5, and 7 were monitored as peak negative moment can be induced at these locations. Locations 2, 4, 6, and 8 were monitored as peak positive moment can be induced at these locations. Location 9 corresponds to the worst damage. The bottom of the bottom flanges were monitored.
Field work by the researchers was carried out over 2 days, facilitated by Seymour District Maintenance Crews, Seymour District Bridge Inspectors, and INDOT Research & Development Staff (Figure 4.17) . Load testing was performed to induce peak negative moment and peak positive moment, with truck locations indicated in Table 4 .6 (trucks were positioned 1 ft. away from the inner side of the concrete rail). The truck positions are the same for the exterior girder and its adjacent interior girder.
For the FE model, the rotation angle (a) was determined based on field measurements using a digital protractor. The length of the damage (l s ) is equal to the distance between the center pier and the 4th diaphragm from the West. These parameters and the location of the peak of the damage (x) are shown in Table 4 .1. According to the 2017 bridge inspection report, the girder was displaced 5 in. However, using the measured rotation angle, a displacement of 8.39 in. results. This was used in the FE model. Figure 4 .18 and Table 4 .7 show the measured and predicted strains under peak positive moment. Again, the measured strains are small, indicating conservatism. The measured strains in the exterior girders (i.e., Locations 2 and 8) are comparable. However, the interior girder adjacent to the damaged girder (i.e., Location 6) carries more strain than any of the other girders. This demonstrates that the damaged girder is shedding its load to the adjacent girder. On the damaged side, different interactions between the concrete deck and the damaged girder were investigated numerically: (1) the damaged girder and the deck are acting compositely (tied); (2) the damaged girder and the deck are acting as non-composite between the 3rd and 5th diaphragm from the West and the coefficient of friction is 0.65 (united 1); (3) the damaged girder and the deck are acting as noncomposite in the damaged span and the coefficient of friction is 0 (united 2); (4) the damaged girder and the deck are acting as non-composite in the damaged span and the coefficient of friction is 0.65 (untied 3). By removing the composite behavior over the entire damaged span and assuming no friction between the top flange and the deck (i.e., untied 2), the FE predictions most closely match the DIC measurements and are featured in Figure 4 .18. This demonstrates that the shear connection between the girder and the deck may be damaged due to vehicular collision.
Additional studies removing the diaphragms between the damaged girder and the interior girder in the damaged span were also performed. The effect of removing the diaphragms was negligible.
The measured strains in all girders under peak negative moment were very small (less than 0.01%) as expected. can be induced at these locations. The bottom of the bottom flanges were monitored.
Load testing was performed to induce peak positive moment, with truck locations and axle loads indicated in Table 4 .8 (trucks were positioned 1 ft. away from the inner side of the concrete rail). During load tests, the trucks were all aligned in the same direction for a more direct comparison between the undamaged and damaged girders. The truck positions are the same for the exterior girder and its adjacent interior girder.
The North span was modeled as straight for simplicity. The survey data provided by GAI, Consultants, Inc. was used to determine the rotation angle (a), the location of the start of the damage (D), and the location of the center or peak point of the damage (x). The damage starts from 117 in. to the North of the center line of the center pier (survey data). The peak point of the damage is located 175.75 in. to the North of the start point and deformed 13.25 in. to the West (survey data). The damage ends at the 3 rd diaphragm from the North (Table 4 .1). Figure 4 .23 and Table 4 .9 shows the measured and predicted strains under peak positive moment. Again, the strains are small, indicating conservatism. A notable difference in these measured results compared to the other bridges is that the exterior damaged girder (i.e., Location 1) carries higher strain than the other three girders. Varieties of numerical models were built to further investigate this behavior. The 4th diaphragm from the North, which is near the peak point of the damage, punched through the web. The effect of the hole (an ellipse with a major axis of 26 in. and a minor axis of 12 in.) was studied using FE model. The results show the effect of the hole on the monitored region is negligible. The effect of this diaphragm is investigated by comparing the results from one model with the 4th diaphragm from the North modeled and another without it. Removing this diaphragm had negligible effect on the strains. The interaction between the deck and the damaged girder in the damaged span is also investigated by assuming non-composite behavior (untied) and composite behavior (tied). By removing the composite behavior in the damaged span, the load redistributed away from the damaged girder to the adjacent undamaged girder. Further investigation of photographs of the bridge found that the bridge rail was severely cracked in the negative moment region (Figure 4 .24). These cracks decrease the load carrying capacity and redistribute the positive moment. This effect was studied using the FE model by introducing a 1.5 in. wide gap in the railing and the deck. As shown in Table 4 .9, the strains in the damaged girder and the adjacent undamaged interior girder increase. This demonstrates that cracked rail can increase the load carried by a damaged girder. Overall, the tied FE model with cracks on the damaged side gives results that are closest to the measured stain. 
Summary
NUMERICAL PARAMETRIC INVESTIGATION
Approach
A parametric investigation, using the validated numerical modeling approach, was performed to understand the effect of varying shapes and locations of damage on load-deflection behavior. Finite element analyses were performed including nonlinear geometry and a nonlinear material model for the steel (based on the measured properties of the 0.5 in. thick steel in Figure 3 .1 from Gerbo et al. [2016] ). In models where the concrete deck is included, the concrete material is modeled elastically and strains remain below the tensile cracking limit. Self-weight was not considered.
Only Category T damage was investigated, as this was the type of damage observed in the four bridges studied. This was approximated using the same five variables as Chapter 4, with x5l s /2. The investigation was first performed for a single girder and then for a three-span continuous bridge, with both studies modeled based on the dimensions of Asset 020-71-04052.
Single Girder Study
The study was performed for a W336118 (d5 32.16 in.) simply supported girder with a span length S of 90 ft. 6 in. A pin boundary condition (i.e., free rotation in the transverse direction only, fixed translation) was applied at one end and a roller boundary condition (i.e., free rotation in the transverse direction only, free translation in the longitudinal direction only) was applied at the other. These boundary conditions were applied at a single node at the intersection of the web with the bottom flange. All nodes of the top flange were restrained in the transverse direction to simulate the restraint that that the deck would provide to resist lateral torsional buckling. An increasing uniformly distributed pressure load was applied to the top flange. Deflection at midspan was monitored. A total of 27 different damaged girders (Table 5 .1) were investigated and compared with a straight (undamaged girder). The load-deflection behavior up to S/800 (service deflection limit according to AASHTO [2017] ) was studied.
Generally, damage reduces the stiffness of the girder (Table 5. rotation angle (a), the greater the reduction in the stiffness. As the damage moves from the edge of the girder to midspan, the effect of damage on the stiffness increases. Longer damaged lengths (l s ) also decrease the stiffness. The stiffness can drop up to 34.6% that of a straight beam when damage features a large rotation angle, long damage length, and midspan location.
Three-Span Continuous Bridge Study
For the three-span continuous bridge study, one exterior girder in the center span was modeled as damaged and the rest are undamaged. Based on results from the single girder study, two damage scenarios were considered: a530u, l s 5180 in., D5S/2-l s /2 and a530u, l s 560 in., D5S/2-l s /2. Results were compared to a bridge with no damaged girders. The boundary conditions were the same as those in Chapter 4. An increasing uniformly distributed pressure load was applied over a 10 ft. transverse width, 1 ft. away from the inner side of the concrete railing, along the full bridge length. The deflection at the center of the damaged exterior girder was monitored.
The damaged girder reduces the stiffness of the entire bridge, compared to a bridge with no damaged girders ( Figure 5.4) . A shorter damaged length (l s ) decreases the stiffness of the bridge more than a longer length. This is in contrast to the findings of the single girder study. It can be attributed to continuity and load redistribution in the entire bridge model, where a longer damaged length is able to redistribute to adjacent girders more effectively than a more localized shorter length. Although damage can cause a significant drop in stiffness, in the single girder study (e.g., for a530u, l s 5180 in., D5S/2-l s /2, the damaged girder only had 34.6% of the stiffness of straight beam). This effect is mitigated in the entire bridge through redistribution to the concrete deck, concrete railing, and adjacent girders (for the same case, the stiffness of the bridge is 92.9% that of an undamaged bridge). The effect of removing the shear connection (or untying the connection between the girder and deck) was also investigated. This had a negligible effect on the undamaged bridge model, but resulted in a drop in stiffness from 92.9% for the undamaged bridge to 82.2% for a530u, l s 5180 in., D5S/2-l s /2.
Summary
This parametric investigation found that Category T damage decreases the stiffness of a girder, but that the magnitude of this effect is mitigated through continuity and redistribution in a continuous, multi-girder bridge system. As the damage moves from the end to the center of the girder, the effect of damage on the stiffness increases. A larger rotation angle decreases the stiffness. While a longer damaged length leads to greater decreases in stiffness for a single, isolated girder, a shorter damaged length has a more significant impact on the stiffness of an entire bridge due to greater load redistribution potential for longer damaged lengths. Note that this study considered a limited range of parameters and the findings are limited to this range.
CONCLUSIONS
Summary of Research Findings
The main research findings are summarized as follows. These findings are limited to two-or three-span continuous multi-girder steel bridges for which an exterior girder has sustained Category T damage from a vehicular collision. Other categories of damage (e.g., highly localized damage or cracking) and other structural systems (e.g., girder floor beam systems) are excluded from these findings. These findings may be limited to the specific bridges monitored in this study with the specific type of damage observed.
1.
DIC is a powerful monitoring technique, which can provide full-field measurements to understand system behavior and capture strain gradients. 2.
Pressure activated adhesive tape (with a 10-year or more durability) has been qualified as a DIC pattern strategy to monitor strains in coated steel bridges. This approach can be implemented more rapidly than conventional pattern approaches (e.g., spray paint) to reduce the required time for lane closures, leading to cost savings and safety benefits for the traveling public. This has enabled DIC to be successfully used for field monitoring. 3.
DIC, combined with finite element numerical modeling can provide a better understanding of bridge behavior.
4.
The measured strains in all girders, subjected to quasi-static dump truck loads, are small (less than 0.022%, or approximately 6.4 ksi), demonstrating conservatism in design. 5.
Loads are generally redistributed away from damaged girders to adjacent girders and rail. This is an area for future research. 6. Vehicular collision may damage the shear connectivity between the deck and the damaged girder in composite bridges. 7.
Cracked or damaged railings may cause positive moment redistribution, resulting in higher strains in damaged girders. 8.
Damage at the center of the span with a large rotation angle of the web results in the greatest loss of stiffness, compared to other locations and smaller rotation angles. 9.
Load redistribution in multi-girder bridges and continuity generally reduce safety issues for Category T damage from vehicular collision. However, bridge inspectors must evaluate the potential for this load redistribution when evaluating bridges.
6.2 Expected Benefits, Deliverables, Implementation, and Cost Saving
These research findings have culminated in the Recommendations for Bridge Inspectors for Evaluating Steel Girder Bridges Subjected to Vehicular Damage document in the Appendix. Expected benefits from implementing these guidelines include: (1) bridge inspections following vehicular collision which are focused on identifying key factors that affect behavior (e.g., shear connectivity, rail cracking) and (2) prioritization of repair for bridges with specific damage profiles (e.g., damage in the center of a span with a large angle of deflection). This can result in INDOT cost savings as bridge inspections can be performed more quickly, bridges with the most severe damage (i.e., those with the greatest loss in stiffness) can be prioritized for repair, and unnecessary repairs could potentially be avoided.
The implementation plan for this research includes:
1.
The The Final Report will be posted on the Purdue e-Pubs website and will be freely available publicly. 4.
To further investigate rail participation, a new project, Evaluating Reserve Strength of Girder Bridges due to Bridge Rail Load Shedding (SPR-4311), has been awarded.
Deliverables include the following.
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